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Abstract A novel enzyme-free hydrogen peroxide sensor
composed of carbon dots (CDs) and multi-walled carbon
nanotubes (MWCNTs) was prepared. It was found that the
carbon dots-decorated multi-walled carbon nanotubes nano-
composites (CDs/MWCNTs) modified glassy carbon (GC)
electrode (CDs/MWCNTs/GCE) exhibited a significant syn-
ergistic electrocatalytic activity towards hydrogen peroxide
reduction as compared to carbon dots or multi-walled carbon
nanotubes alone, and the CDs/MWCNTs/GCE has shown a
low detection limit as well as excellent stability, selectivity,
and reproducibility. These remarkable analytical advantages
enable the practical application of CDs/MWCNTs/GCE for
the real-time tracking of hydrogen peroxide (H,O,) released
from human cervical cancer cells with satisfactory results. The
enhanced electrochemical activity can be assigned to the edge
plane-like defective sites and lattice oxygen in the CDs/
MWCNTs nanocomposites due to the small amount of deco-
ration of carbon dots on the multi-walled carbon nanotubes.
Based on a facile preparation method and with good electro-
chemical properties, the CDs/MWCNTSs nanocomposites rep-
resent a new class of carbon electrode for electrochemical
sensor applications.
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Introduction

Hydrogen peroxide (H,O,), as an important chemical, is an
essential intermediate in food [1], pharmaceutical [2], clinical
[3], and environmental analysis [4] and is also a signaling
molecule associated with severe human diseases such as can-
cers, progressive neurodegenerative diseases, Parkinson’s dis-
ease, etc. [5, 6]. Therefore, accurate and sensitive determina-
tion of H,O, has been a challenging requirement in recent
years. So far, many methods have been developed for detec-
tion of H,O, concentration, including titrimetry [7], chroma-
tography [8], spectrophotometry [9], and electrochemical
method [10]. Among them, the electrochemical method has
received more attention due to its high sensitivity, low cost,
convenient operation, and fast response [11, 12]. Until now,
most studies on this subject have focused on enzyme-based
sensor [13—15]. Unfortunately, due to the intrinsic nature of
enzymes, the enzyme-based biosensors inevitably suffer from
environmentally instability, high cost, and complicated immo-
bilization procedure [16—18]. Therefore, development of nov-
el electrocatalyst that can overcome the disadvantages of na-
tive enzymes has been desired.

To address this important issue, considerable effort has
been put to develop various electrode materials as alternatives
to enzymes, such as metal nanoparticles (Au, Pt, Ag, Cu, Rh,
and Pd) [19, 20], metal oxides (CuO, Fe;04, TiO,, and CeO,)
[21, 22], and carbon-based nanomaterials (graphene, carbon
nanotubes, carbon nanofibers, and carbon quantum dots) [23,
24]. Among various reports, carbon-based nanomaterials have
attracted much physical, chemical, and material research in-
terests because of their high electrical conductivity, large

@ Springer


http://dx.doi.org/10.1007/s00216-016-9554-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-016-9554-4&domain=pdf

J. Bai et al.

surface area, high thermal and mechanical stability, and low-
cost production. Carbon materials are not only used as support
but also as highly active catalysts. The outstanding electrocat-
alytic activities depend on the presence of certain metal het-
erocyclic molecules [25] or defective sites onto the carbon
material surface [26, 27], but pure activated carbon itself is
chemical inertness and commonly exhibits low catalytic ac-
tivity [28]. An efficient method to improve electrocatalytic
activity of carbon material is to introduce heteroatoms and
abundant defects onto carbon frameworks to increase the
number of catalytic sites. For example, Zhou and co-workers
had constructed a OMC-Cyg, system to facilitate heteroge-
neous electron-transfer processes by increasing edge plane-
like defective sites (EDSs) of ordered mesoporous carbon
[26]. The OMC-Cgp system showed a promising
electrocatalysis for some important biomolecules. Gong et
al. reported that nitrogen-doped carbon nanotube (NCNTs)
can act as a metal-free catalyst with a much better electrocat-
alytic activity, long-term operation stability, and tolerance to
crossover effect than platinum for oxygen reduction in alka-
line fuel cells [29]. Shao et al. reported that N-graphene ex-
hibited much higher electrocatalytic activity towards oxygen
and H,O, reduction than graphene and expensive Pt [30]. The
results indicate that the presence of edge plane-like defective
sites on nanostructured carbon materials improves the electro-
catalytic activity of materials.

Carbon dots (CDs), as a zero-dimensional carbon, have
received considerable interest due to their outstanding elec-
tronic, optical, electrochemical properties [5, 31, 32].
Especially, the emission from carbon dots could be efficiently
quenched by either electron acceptor or donor molecules in
solution, indicating that the photo-excited carbon dots are ex-
cellent as both electron donors and electron acceptors.
Therefore, unlike the common carbon material, carbon dot
with small size, provide high electrocatalytic activity owing
to the large surface area [33-35], but they lower electron
transport efficiency owing to the oxygen-rich functional
groups, abundant grain boundaries, and defects [36]. This
suggests the single carbon dots as the electrode material is
not a good choice. Therefore, exploring low-cost and sustain-
able electrode materials with high conductivity and superior
electrocatalytic activity is critical for the development of
Sensors.

To combine both high electrical conductivity and superior
electrocatalytic activity in one material, we reported on the use
of carbon dots-decorated multi-walled carbon nanotubes
(CDs/MWCNTs) system as an effective sensing platform. In
this system, MWCNTs as electron acceptor are selected as
matrix material due to its good electrical conductivity and
large surface, and CDs as excellent electron donor are used
as doped catalyst. The obtained nanocomposites containing
CDs and MWCNTs can simultaneously provide high electri-
cal conductivity and superior electrocatalytic activity. The
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hydrogen peroxide was employed as the probe molecules to
study the electrocatalytic behavior of CDs/MWCNTSs nano-
composites for the first time. The CDs/MWCNTs nanocom-
posites show synergistic enhancement electrochemical perfor-
mance towards hydrogen peroxide reduction compared with
CDs or MWCNTs alone. Our research opens up a new oppor-
tunity on carbon-based nanomaterials for biosensor.

Experimental
Materials and apparatus

Multi-walled carbon nanotubes were purchased from
Shenzhen Nanotech. Port. (Shenzhen, China). Catechol,
NH;-H,O and H,0, (30 wt%) were purchased from Aladin
Ltd. (Shanghai, China). The 0.1 M pH 7.4 phosphate buffer
solution (PBS) was prepared by mixing 19 mL of 0.1 M
NaH,PO,4 and 81 mL of 0.1 M Na,HPO,-7H,O and was
employed as a supporting electrolyte in the electrochemical
experiment. Catalase was purchased from Sigma-Aldrich.
Dulbecco’s modified eagle medium (DMEM), penicillin, fetal
bovine serum (FBS), and streptomycin were purchased from
Beijing Dingguo Biotechnology Co. The human serum sam-
ples were taken from volunteers. All chemicals were used as
received without further purification. All solutions were fresh-
ly prepared with deionized water.

Transmission electron microscopy (TEM) images were
obtained from HITACHI H-8100EM (Hitachi, Tokyo,
Japan). Raman spectra were obtained on a J-Y T64000
Raman spectrometer with a 514.5-nm wavelength inci-
dent laser light. X-ray photoelectron spectroscopy
(XPS) analysis was carried on an ESCALAB 250 X-ray
photoelectron spectrometer with a monochromated X-ray
source (Al Ko hv=1486.6 eV). All the electrochemical
experiments were performed with a CHI830C electro-
chemical workstation (Shanghai Chenhua Instrument
Corporation, China) in a conventional three-electrode cell
at room temperature. All solutions were purged with
high-purity nitrogen for at least 30 min to remove oxy-
gen prior to the experiments.

Synthesis of carbon dots

In a typical synthesis of CDs, ammonia aqueous solution
(2 mL, NH;-H,0, 30 %) was mixed with ethanol (30 mL)
under mild stirring at 30 °C for 30 min. Catechol (0.1 g) was
added into the above mixture solution. The reaction was con-
tinued for 24 h. The color of this solution gradually changed to
dark brown. A CDs solution of 1.5 mg/mL was stocked for the
further use.
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Preparation of CDs/MWCNTSs nanocomposites

Before the experiment, the pristine MWCNTSs were stirred in
HCI and HNOj; (v/v=3:1) mixed solution for 30 min at room
temperature to remove residual metal catalysts. The treated
MWCNTs were rinsed with deionized water until the pH of
solution reached to 7.0. Finally, the purified MWCNTs
(1.0 mg/mL) were dispersed well in water. Three kinds of
CDs/MWCNTs nanocomposites were prepared by mixing dif-
ferent radio of MWCNTs to CDs with sonication and stirring.
Briefly, 5 mL of MWCNTSs solution (1.0 mg/mL) was mixed
with 2, 1, and 0.5 mL of CDs solution (0.5 mg/mL). The
mixture was ultrasound for 1 h and stirred for overnight.
Then, the mixture was centrifuged at 12,000 rpm for 10 min
and washed with water. Finally, the CDs/MWCNTs nanocom-
posites (5.0 mg/mL) were dispersed well in water for modified
electrode. The final products were named as CDs/MWCNTs-
5, CDs/MWCNTs-10, and CDs/MWCNTs-20 respectively.

Electrode preparation

Prior to the modification, the glassy carbon electrode (GCE)
was polished with 1.0, 0.3, and 0.05 pm alumina slurry, re-
spectively, and sonicated successively in 1:1 nitric acid, abso-
lute alcohol, and double-distilled water. The cleaned electrode
was dried with high-purity nitrogen steam. CDs/MWCNTs
nanocomposites modified GCE (CDs/MWCNTs/GCE) was
prepared by casting 5 uL of CDs/MWCNTs suspension on
GCE surface and the solvent evaporated under an infrared
lamp. For comparison, CDs modified GCE (CDs/GCE) and
MWCNTs modified GCE (MWCNTs/GCE) were prepared in
the same way.

Results and discussion
Characterization of CDs/MWCNTSs nanocomposites

CDs were firstly prepared by the hydrothermal treatment of
catechol at 30 °C in ethanol solution. The TEM was used to
record the morphologies of the nanomaterials, as shown in
Fig. 1 and Electronic Supplementary Material (ESM)
Fig. S1. It can be seen that the CDs are spherical in morphol-
ogy, and they are separated from each other, indicating that the
CDs are well dispersed in water (Fig. 1a). The histograms of
the particle size distribution reveals that the average diameter
of the CDs is 6.5 nm, as determined by statistical analysis of
more than 100 particles (see ESM Fig. S2). To characterize the
synthesized CDs, the UV—vis absorption spectra of the aque-
ous dispersion of the CDs were shown in ESM Fig. S3a.
Comparable to precursor catechol, a typical UV—vis absorp-
tion at 330 nm corresponding to the n—7t* transition of C=0
was observed, which is similar to those of previous reports on

CDs [37]. The photograph of the dispersion under UV light
(365 nm) exhibits a green color, further revealing that the
resultant CDs exhibit green fluorescence (see ESM inset of
Fig. S3a). To further explore their optical properties, the
photoluminescence spectroscopy (PL) of the CDs was studied
using different excitation wavelengths. A wavelength excita-
tion dependence of normalized integrated PL intensity was
shown in ESM Fig. S3b. It was observed that the emission
peak of the CDs shifts from 430 to 580 nm and the intensity
decrease gradually with a dependence on the excitation wave-
lengths from 360 to 420 nm (see ESM inset of Fig. S3b),
suggesting the formation of CDs.

Figure 1b shows the as-received MWCNTs where the tu-
bular structure of nanotubes is observed. The diameter of
MWCNTs is about 35 nm, and the length is about a few
micrometers. By mixing CDs solution with MWCNTs, a large
number of CDs were well supported on MWCNTs with neg-
ligible nanoparticle aggregation, forming the CDs/MWCNTs-
10 nanocomposites, as shown in Fig. 1c. No free nanoparticles
were observed outside the MWCNTs, which further con-
firmed that the CDs/MWCNTs-10 nanocomposites were syn-
thesized successfully.

Electrochemical characterization of the modified
electrodes

The cyclic voltammetric behaviors of different modified elec-
trodes were studied using 5.0 mM [Fe(CN)g]*”* as an elec-
trochemical probe in PBS, pH 7.0 containing 0.1 M KCIl as
shown in Fig. 2a. All electrodes show obvious redox peak.
The peak-to-peak separations (AE,) are 120, 194, 92, and
75 mV for bare GCE, CDs/GCE, MWCNTs/GCE, and CDs/
MWCNTs-10/GCE, respectively. Also, the CDs/MWCNTs-
10/GCE leads to the largest peak current among all kinds of
electrodes. These results suggest that the CDs/MWCNTs-10/
GCE exhibits faster electron-transfer kinetics and larger
electroactive surface area compared to other electrodes. The
capability of electron transfer of modified electrodes was fur-
ther investigated by electrochemical impedance spectroscopy
(EIS). Figure 2b shows the Nysquist plots of different elec-
trodes in 5.0 mM [Fe(CNg]*”* solution. R, denotes the
charge transfer resistance of the redox marker between the
solution and the electrode surface. By fitting the data (inset
of Fig. 2b), it can be seen that the sequence of R can be
estimated to be CDs/GCE > bare GCE > MWCNTs/GCE >
CDs/MWCNTs-10/GCE. This result is in agreement with
above cyclic voltammetry results where CDs/MWCNTs-10
nanocomposites were found to have a fast heterogeneous elec-
tron transfer rate. The results demonstrate that the CDs/
MWCNTs-10/GCE has higher electrochemical activity than
CDs/GCE and MWCNTs/GCE. The improvement could be
attributed to a synergetic effect of CDs and MWCNTs in this
hybrid material.
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Fig. 1 TEM images of a CDs, b
MWCNTs, and ¢ CDs/
MWCNTs-10

Electrochemical measurement

To gain insight into the electrocatalytic activity of CDs/
MWCNTs nanocomposites, we used H,O, as a probe mole-
cule and examined the electrocatalytic properties of CDs/
MWCNTSs nanocomposites by cyclic voltammetry (CV) at a
scan rate of 50 mV s '. Figure 3 shows the CVs obtained at
GCE (a), CDs/GCE (b), MWCNTs/GCE (c), and CDs/
MWCNTs-10/GCE (d) in 0.1 M pH 7.4 PBS in the absence
(red line) and presence (black line) of 1.0 mM H,0,.
Compared to the pure electrolyte, a negligible current re-
sponse with onset potentials negative than 0.0 V occurs at
GCE and CDs/GCE in the presence of 1.0 mM H,0,. An
apparent peak at —0.2 V with onset potentials 0.0 V corre-
sponding to the reduction of H,O, was observed at
MWCNTs/GCE (Fig. 3c). The increase of current indicates
the significant electrochemical activity of MWCNTs to

H,0,. For CDs/MWCNTs nanocomposites, a catalytic reduc-
tion current further increase, and the onset potentials for H,O,
reduction towards positive shift. However, it must be noted
that the CDs/MWCNTs-10 showed the highest onset potential
at +0.15 V and highest peak current for H,O, reduction, and
the reduction peak current per unit concentration of H,O, at
CDs/MWCNTs-10 is 5.0 times higher than that of MWCNTs/
GCE based on background-subtracted data. These results
strongly indicate that the CDs/'MWCNTs/GCE shows a good
electrocatalytic activity towards H,O, reduction. The electro-
catalytic activity of CDs/MWCNTs nanocomposites is signif-
icantly better than single CDs or MWCNTs. Furthermore, the
CDs/MWCNTs-10 nanocomposites showed the highest elec-
trocatalytic activity than CDs/MWCNTs-5 and CDs/
MWCNTSs-20 (see ESM Fig. S4). One possible cause is that
fewer CDs introduced into the CNTs (CDs/MWCNTs-20)
may produce fewer defects and active sites, resulting in lower

Fig. 2 Electrochemical
characterization of the modified
electrodes. a CVs and b Nyquist
plots obtained at bare GC, CDs/
GC, MWCNTs/GC, and CDs/
MWCNTs-10/GC electrodes in
5.0 mM [Fe(CN)e]*7#/0.1 M KCI
solution at a scan rate of

50mV s . Inset is the equivalent
circuit

I (uA)
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Fig. 3 Characterization of
electrocatalytic activity. CVs
recorded at a bare GC, b CDs/
GC, ¢ MWCNTs/GC, and d CDs/
MWCNTs-10/GC electrodes in
the absence (red line) and
presence (black line) of 1.0 mM
H,0,. Background electrolyte,
0.1 M PBS at pH 7.4. Scan rate:

| (uA)

50 mVs . e Amperometric

responses of the bare GC (1), -0.6 -0.3 0.0 0.3 -0.6 -0.3 0.0 0.3
CDs/GC (2), MWCNTS/GC (3), E (V) E (V)
and CDs/MWCNTs-10/GC (4)
electrodes with successive 10
addition of 0.1 mM H,O, into c
PBS (0.1 M, pH 7.4). f The ol
related calibration curves
§40-
— 220t
30}
06 03 00 03
E (V)
oA . o, = 1 | A P i o S
.. reE—eaewes 2 ¥ TEEmas 2
— 3 5 3
-5 57
g T g o
= = -10} ¥
= -10¢ -
2 L”L‘Lu, 15} AN
e "_'E a \ )
-20 T e ) al_, ‘}\4
0 200 400 600 800 0 200 400 600
Time (s) C (uM)

the electrocatalytic activity of CDs/MWCNTs nanocompos-
ites. On the other hand, more CDs (CDs/MWCNTs-5), due to
its poor electrical conductivity, effectively hindered the elec-
tron transfer between H,O, and the electrode. Therefore, CDs/
MWCNTs-10 nanocomposites are used to detect H,O».
Furthermore, we compared the amperometric responses of
the GCE, CDs/GCE, MWCNTs/GCE, and CDs/MWCNTs-
10/GCE at a constant potential of —0.18 V to successive ad-
ditions of 0.1 mM H,0,; in 0.1 M PBS as shown in Fig. 3e.
When H,0, is added into the buffer solution, the reduction
current rises steeply and reaches a stable value, and the steady
current increases with the increase of H,O, concentration.
Also, the response time of the sensor to achieve the steady-
state current is <10, 10, 7, and 5 s for GCE, CDs/GCE,
MWCNTs/GCE, and CDs/MWCNTs-10/GCE, respectively.
It can be observed that the CDs/MWCNTs-10/GCE sensor
exhibits faster response and larger reaction current to the
change of H,O, concentration. Figure 3f shows the calibration
curves established by taking the steady-state current from
Fig. 3e. The corresponding sensitivities at GCE, CDs/GCE,

MWCNTs/GCE, and CDs/MWCNTs-10/GCE are calculated
to be 0.041, 0.160, 1.34, and 39.0 pA/mM, respectively (the
slope of the calibration plot). Obviously, the CDs/MWCNTs-
10/GCE exhibits higher sensitivity compared with other elec-
trodes. The enhanced electrocatalytic property of CDs/
MWCNTs-10/GCE could be ascribed to the significant syner-
gistic effects of the composites towards H,O, reduction.

It has been reported that the defect-rich carbon nanotubes
facilitate the formation of catalytic sites for the enhanced elec-
trocatalytic activity. The defect-rich nature of the carbon nano-
tubes is evident from its high D-band/G-band ratio in Raman
spectroscopy. As shown in Fig. 4, they both show two charac-
teristic bands of CNTs. The D band at 1328 cm ™" is assigned to
the defects and disordered graphite structures, and the G band
at 1560 cm ! originates from the graphite band corresponding
to the movement in opposite directions of the C—C bonds in
graphene sheets [26, 38]. Intensity ratio of defect band and
graphite band (Ip/lg) is proportional to the number of defect
sites in the CNT sheets. The Ip/I values are 0.44 and 0.76 for
MWCNTs and CDs/MWCNTs-10, respectively. An increase of
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Fig. 4 Raman spectra of MWCNTs and CDs/MWCNTs-10

1200

Ip/IG ratios indicate that the presence of CDs on the MWCNTs
introduced more structural defects on the surface of MWCNTs,
which generally attributed to sp® carbons converted to sp® hy-
bridization [39]. In this case, an increased defect density could
presumably result in larger electrocatalytic activity.

In addition, previous studies had shown that the abil-
ity to provide lattice oxygen is also an important factor
dictating the catalytic activity of catalyst [40]. Therefore,
the X-ray photoelectron spectroscopy (XPS) was
employed to evaluate the amount of lattice oxygen in
carbon-based materials. Figure 5a shows the XPS survey
spectra of CDs, MWCNTs, and CDs/MWCNTs-10 nano-
composites, revealing the only presence of carbon and

oxygen atoms with no other impurities. The high-
resolution Ols spectra were separated using the
Gaussian—Lorentzian curve fitting method and
deconvoluted into contributions from both lattice oxygen
(LO) (5532 eV) and adsorbed oxygen (AO) (=533 eV)
[41]. The LO/AO atomic ratio were evaluated to be 0.91,
0.66, and 2.28 for CDs (b), MWCNTs (c¢), and CDs/
MWCNTs-10 (d), respectively, determined from the peak
areas including the sensitivity factor. It should be noted
that the introduction of CDs results in the increased pro-
portion of LO in composites. Similar to previous study, a
possible mechanism is that the withdrawing of electrons
from surrounding carbon atoms by lattice oxygen can
cause a carbon atom to become positively charge, which
provides both the adsorption site and active catalytic site
for H,O, reduction [41]. That is to say, the enhancement
of the electrocatalytic activity of CDs/MWCNTs-10
nanocomposites could be ascribed to high content of lat-
tice oxygen. Therefore, increased LO/AO percentage in
CDs/MWCNTs-10 composites could also cause an en-
hanced electrocatalytic activity.

Based on the above analysis and previous reports, the
enhancement of the electrocatalytic activity of CDs/
MWCNTs-10 nanocomposites could be ascribed to
unique surface architecture. First, the MWCNTs as the
conductive supports could improve the electron transfer
from CDs/MWCNTs-10 surface to GC electrode.
Second, the m—7 conjugation between MWCNTs and
CDs, as an electron transfer channel, offers an ultrafast

Fig. 5 a XPS spectra of CDs, a Cis b
MWCNTs and CDs/MWCNTs- 2
10 nanocomposites. O1s spectra . CDs —
of b CDs, ¢ MWCNTs, and d =] =]
CDs/MWCNTs-10 & T Ll
naocomposites E‘ w f_,;"
c =
& ] o
£ |_CDSMWCNTs =
0 200 400 600 800 1000 530 532 534 536
Binding energy (eV) Binding energy (eV)
c d
3 i
© L
2
2 i
S o
i< £
530 532 534 5% 530 532 534 536
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charge transfer. Third, the defect-rich CNTs introduced
by integrated CDs facilitate the formation of active sites
for electron transfer to molecules. Additionally, the
CDs/MWCNTs-10 nanocomposites have more lattice ox-
ygen, which provide both the adsorption site and active
catalytic site [42]. In a word, the combination of above
factors brings an electrocatalytic synergy of CDs/
MWCNTs-10 nanocomposites towards hydrogen perox-
ide reduction.

This excellent electrocatalytic performance of the
CDs/MWCNTs-10 nanocomposites makes them promis-
ing electrochemical sensing materials for H,O, detec-
tion. Amperometric responses of CDs/MWCNTs-10
nanocomposites to successive concentration changes of
H,0, were conducted at the potential of —0.18 V, and
the corresponding current-time responses are shown in
Fig. 6a. As shown, a well-defined amperometric re-
sponse was observed upon each addition of H,O,, and
the current response was a linear relationship with H,O,
concentration in the range of 3.5x107® to 3.0x107* M.
The linear regression equation was expressed as follows:
I (A)=—1.84¢"—(0.039+0.00081)C (uM), with a cor-
relation coefficient of 0.9993 (Fig. 6b), and the detec-
tion limit is estimated to be 0.25 uM at a signal/noise
ratio of 3, which is lower than the most HRP enzyme
[43, 44], noble metal nanomaterials [45], and carbon-
based biosensors [46]. The analytical performance of
the CDs/MWCNTs-10/GCE sensor for the detection of
H,0, and some other sensors are summarized in
ESMTable S1.

Selectivity, reproducibility, and stability of the H,O,
biosensor

The influence of common interfering species on the re-
sponse of sensor to 0.1 mM H,0, was evaluated and
presented in Fig. 6¢c. As can be seen, there was an
obvious current response to the addition of 0.1 mM
H,0, at the first time, while no observable current re-
sponse was detected to the additions of 0.2 mM ascor-
bic acid (AA), 0.2 mM uric acid (UA), 0.2 mM dopa-
mine (DA), 0.2 mM acetaminophen (AP), 0.2 mM citric
acid, and 0.2 mM glucose in the determination of H,O,,
indicating that the CDs/MWCNTs-10/GCE shows a su-
perior selectivity to H,O, detection.

Based on the well electrochemical property, the
CDs/MWCNTs-10 nanocomposites can be used as a
new class of electrode material for electrochemical ap-
plications, so the tests of reproducibility and stability
are very important. To evaluate the reproducibility of
the proposed sensor, the six parallel measurements of
CDs/MWCNTs-10/GCE to 1.0 mM of H,O, were car-
ried out independently. The relative standard deviation
(RSD) was 4.43 %, which clearly indicated that the
proposed sensor exhibited good reproducibility. The
storage stability of the sensor was also monitored by
recording the current response to 1.0 mM of H,0,
each day for 2 weeks. When the sensor was not in
use, it was stored at 4 °C. As shown in Fig. 6d, the
current response reduced slightly; however, 93 % of
the original value remained after 14-day measurement,

Fig. 6 Detection of H,O,. a ol a
Amperometric response of CDs/ 0r
MWCNTs-10/GCE to successive
additions of H,0, at the potential =20} 2r
of —0.18 V. b The corresponding < E:“
calibration plots for CDs/ = - =4
MWCNTs-10/GCE. ¢
X 6}
Amperometric responses
recorded at CDs/MWCNTs-10/ 60| 8l
GC electrode on the successive i X , , ) ) ) . ) .
addition of 0.1 mM H,0, 0 300 600 900 1200 0 50 100 150 200
followed by additions of 0.2 mM Time (s) C (uM)
AA, 0.2 mM UA, 0.2 mM DA,
0.2 mM AP, 0.2 mM Citric acid, HO, c ol d
and 0.2 mM Glucose in PBS at 0 ;4
pH 7.4. d Variation of CDs/ ' H,0,
MWCNTs-10/GCE response AA | 4
currents in the presence of L -4t ..-L—Tﬁ DA HTOz _e =g —E—8—E—8
1.0 mM H,O, in PBS at pH 7.4 — ol — s 0f
versus storage time at 4 °C a8l L 472 &
AP ¢ T { i
Glucose 5l
-12¢ ) ) ) . . ) . . . )
0 200 400 600 800 2 4 6 8 10 12 14
Time (s) Time (Day)
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suggesting the favorable stability of the sensor. Also,
the effect of media pH on the H,O, detection was
investigated over the range of pH 5.0 to 10.0 (see
ESM Fig. S5). The response peak current of the sensor
had no great change over full range of pH, indicating
excellent stability of the senor. The good stability of
CDs/MWCNTs-10/GCE can be attributed to the chemical
stability of conductive nanocomposites.

Detection of H,0O, in biological sample

To testify the feasibility of the CDs/MWCNTs-10/
GCE in practical analysis, the recovery measurements
were carried out to determine the H,O, content in
human serum samples and the analytical results were
listed in ESM Table S2. The serum was collected and
immediately analyzed according to the general proce-
dure (see ESM Fig. S6). The recovered ratio was in-
vestigated, and the value was in the range of 97—
101 %. The results indicate that the determination of
H,0, using CDs/MWCNTs-10/GCE is practicable and
reliable.

The sensitive CDs/MWCNTs-10 probe was applied
to perform real-time tracking of H,O, secretion by live
cells, which plays an important role in host defense
against various microbes as well as tumors [47].
Before the detection, the HeLa cells were grown at
37 °C in 5 % CO, in 100 cm? flasks. The cells were
collected after the growth to 90 %, and around 2 x 10°
cells were dispersed in 5 mL of PBS (pH 7.4) for
electrochemical measurement. To stimulate the cells to
release more H,O,, we used CdTe QDs as the stimu-
lus. It was reported that CdTe QDs as a toxic mole-
cules, can induced cell death by generating reactive
oxygen species (ROS), such as hydrogen peroxide
and various hydroperoxide radicals [48]. Thus, upon
the addition of 10 mM CdTe QDs, a significant current
increase about 0.029 pA was observed (Fig. 7), that
corresponding to 0.074 pM H,O, per millimole CdTe
QDs as calculated from the regression equation in
Fig. 6b, which further decreases down to the level of
background signal after addition of a H,O, scavenger
catalase. The control experiment without cells do not
generate significant response towards the addition of
equal amount of CdTe QDs (curve a). These results
indicate that the increase of the cathodic current is
indeed from the reduction of H,0, released by live
cells. These observations demonstrate that our pro-
posed biosensor is sensitive and reliable probes
for intracellular H,O, detection, which will be very
promising for further physiological and pathological
investigations.
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Fig.7 Amperometric responses obtained at the CDs/MWCNTs-10/GCE
in the absence (black line) and presence (red line) of HeLa cells in 25 mM
glucose at the applied potential of —0.18 V vs Ag/AgCl with the addition
of 10 mM CdTe QDs and 500 U mL ! catalase

Conclusions

In summary, a novel H,O, biosensor based on CDs/
MWCNTs nanocomposites have been presented. The
biosensor exhibited a good sensitivity, fast response, a
broad linear range, a low detection limit with satisfac-
tory stability, and selectivity for determination of
H,0,. More importantly, the CDs/MWCNTs/GCE
exhibited more enhanced electrocatalytic activities than
CDs/GCE and MWCNTs/GCE towards the reduction of
H,0,. The highly active CDs/MWCNTs nancomposites
can be used for real-time detection of H,O, released
from HeLa cells. The high electrocatalytic activity of
CDs/MWCNTs nanocomposites was attributed to the
synergistic effect of the CDs and MWCNTs. Our pres-
ent study provides a general strategy for the fabrication
of carbon-based enzymeless H,O, biosensors, which is
important for biological and biomedical application.
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